Effects of scene properties and emotional valence on brain activations : a fixation-related fMRI study by Kuniecki, Michał et al.
ORIGINAL RESEARCH
published: 31 August 2017
doi: 10.3389/fnhum.2017.00429
Effects of Scene Properties and
Emotional Valence on Brain
Activations: A Fixation-Related fMRI
Study
Michał Kuniecki1*, Kinga B. Wołoszyn1, Aleksandra Domagalik2 and Joanna Pilarczyk1
1Psychophysiology Laboratory, Institute of Psychology, Jagiellonian University, Kraków, Poland, 2Neuroimaging Research
Group, The Małopolska Centre of Biotechnology, Jagiellonian University, Kraków, Poland
Edited by:
Joshua Oon Soo Goh,
National Taiwan University, Taiwan
Reviewed by:
Erik Chang,
National Central University, Taiwan
Jan-Bernard Marsman,
University Medical Center Groningen,
Netherlands
*Correspondence:
Michał Kuniecki
michal.kuniecki@uj.edu.pl
Received: 20 April 2017
Accepted: 11 August 2017
Published: 31 August 2017
Citation:
Kuniecki M, Wołoszyn KB,
Domagalik A and Pilarczyk J
(2017) Effects of Scene Properties
and Emotional Valence on Brain
Activations: A Fixation-Related
fMRI Study.
Front. Hum. Neurosci. 11:429.
doi: 10.3389/fnhum.2017.00429
Temporal and spatial characteristics of fixations are affected by image properties,
including high-level scene characteristics, such as object-background composition,
and low-level physical characteristics, such as image clarity. The influence of these
factors is modulated by the emotional content of an image. Here, we aimed to
establish whether brain correlates of fixations reflect these modulatory effects. To this
end, we simultaneously scanned participants and measured their eye movements,
while presenting negative and neutral images in various image clarity conditions,
with controlled object-background composition. The fMRI data were analyzed using
a novel fixation-based event-related (FIBER) method, which allows the tracking of
brain activity linked to individual fixations. The results revealed that fixating an
emotional object was linked to greater deactivation in the right lingual gyrus than
fixating the background of an emotional image, while no difference between object
and background was found for neutral images. We suggest that deactivation in
the lingual gyrus might be linked to inhibition of saccade execution. This was
supported by fixation duration results, which showed that in the negative condition,
fixations falling on the object were longer than those falling on the background.
Furthermore, increase in the image clarity was correlated with fixation-related activity
within the lateral occipital complex, the structure linked to object recognition. This
correlation was significantly stronger for negative images, presumably due to greater
deployment of attention towards emotional objects. Our eye-tracking results are in
line with these observations, showing that the chance of fixating an object rose
faster for negative images over neutral ones as the level of noise decreased.
Overall, our study demonstrated that emotional value of an image changes the
way that low and high-level scene properties affect the characteristics of fixations.
The fixation-related brain activity is affected by the low-level scene properties and
this impact differs between negative and neutral images. The high-level scene
properties also affect brain correlates of fixations, but only in the case of the negative
images.
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INTRODUCTION
Visual information acquisition is not a continuous process. It
is partitioned into fixations, during which visual information
is extracted. Portions of information acquired during fixations
may be regarded as ‘‘units of information’’ (Marsman et al.,
2012), the processing of which can be systematically analyzed,
providing insight into perceptual and cognitive mechanisms of
vision, including attention. The major function of attention is to
filter the most important information. Indeed, in free viewing
conditions spatial deployment of attention is reflected in the
temporal and spatial characteristics of fixations (for a review
see Henderson, 2003). Specifically, fixations are not randomly
distributed; their location and duration strongly depend on the
informative value linked to both high-level scene characteristics,
such as object-background composition, and basic low-level
physical properties, such as signal-to-noise ratio (Buswell, 1935;
Mackworth and Morandi, 1967; Yarbus, 1967; Kayser et al., 2006;
Henderson et al., 2009; Ossandón et al., 2012; Glaholt et al.,
2013; Henderson et al., 2014; Onat et al., 2014). Interestingly,
emotional content strongly attracts attention and influences eye
movements, possibly due to its evolutionary and behavioral
relevance (Calvo and Lang, 2004; Nummenmaa et al., 2006; Calvo
et al., 2007, 2008; Humphrey et al., 2012; Niu et al., 2012; Kaspar
et al., 2013; Pilarczyk and Kuniecki, 2014 ). Moreover, it has been
shown that the emotional content modulates the impact of both
high and low-level features of a scene on the processing of visual
information and attentional deployment (Humphrey et al., 2012;
Todd et al., 2012b; Pilarczyk and Kuniecki, 2014). In the present
study, we aimed to examine the brain underpinnings of this
modulatory effect using the recently developed fixation-based
event-related (FIBER) method of fMRI data analysis (Marsman
et al., 2012).
One of the essential components of vision is the detection
and identification of objects. It is a process requiring scene
decomposition into discrete objects and background (Henderson
and Hollingworth, 1999). Various lines of research show that
emotional objects are easily detected and preferentially capture
attention (Ohman et al., 2001; Nummenmaa et al., 2006;
Humphrey et al., 2012; Niu et al., 2012; McSorley and van
Reekum, 2013; Pilarczyk and Kuniecki, 2014). Eye-tracking
studies have shown that while viewing emotional scenes,
attention is instantly drawn to objects rather than the
background, whereas objects in neutral scenes do not attract
attention to the same extent (Humphrey et al., 2012; Niu
et al., 2012; Pilarczyk and Kuniecki, 2014). Furthermore, the
interaction between emotional content and object-background
composition has also been shown in the EEG studies, using the
steady state visual evoked potentials (ssVEPs) and event-related
potentials (ERP). Emotional images, as a whole, evoke greater
brain activations, measured as the magnitude of the ssVEPs, than
neutral ones (Keil et al., 2003). However, if the attentional focus
is cued towards the background of an emotional picture, the
ssVEP response is indistinguishable from the ssVEP response to
a neutral object (Hajcak et al., 2013). Only after focusing spatial
attention onto the key emotional object, the enhancement of
the ssVEP and late positive potential, an ERP component linked
to emotional processing, does emerge (Keil et al., 2005; Hajcak
et al., 2013). This effect is further supported by Ferri et al.’s
(2013) fMRI study, which showed that focusing overt attention
on an emotional region within a negative image, compared to
a non-emotional region, is linked to greater activity not only in
brain areas related to emotion, such as the amygdala and insula,
but also in the part of the visual cortex, inferior occipital gyrus.
This pattern of results demonstrates that fixating key emotional
objects, indeed, changes brain activity, as compared to fixating
both a neutral object and the background of an emotional scene.
Presumably, this change of brain activity occurs due to enhanced
processing of emotional visual information (Lang et al., 1998;
Bradley et al., 2003; Junghöfer et al., 2006; Todd et al., 2012a).
Regarding the low-level properties of stimuli, superimposing
visual noise over an image affects its informative value on a
more basic level, by limiting the availability of visual information.
Visual noise influences the activity of the visual cortex, however,
only within the higher visual areas linked to object recognition
and scene comprehension, such as the V4, lateral occipital cortex
(LOC), fusiform face area and mid-fusiform area (Grill-Spector
et al., 1998; Tjan et al., 2006; Pratte et al., 2013). Interestingly,
emotional value of stimuli modulates the impact of the visual
noise on brain activity. Namely, emotional stimuli are recognized
at a lower threshold of noise (Reinders et al., 2005) and are
perceived as less noisy (Markovic et al., 2014), which is linked
to greater activity within the LOC and amygdala (Reinders et al.,
2005; Todd et al., 2012b).
Several eye-tracking studies have shown that both the noise
level and emotional content of an image affect fixations, which
become longer as the clarity of an image decreases due to either
high or low spatial filtering (Glaholt et al., 2013; Henderson
et al., 2014) or other distortion methods preventing scene
comprehension (Luke and Henderson, 2016). Emotional content
also affects fixation number and duration. Bradley et al. (2011)
established that participants make more fixations on negative
and positive images than on neutral ones. Individual fixations
executed while watching emotional images are also shorter
(Bradley et al., 2011; Kaspar et al., 2013). A recently developed
method of fMRI analysis allows the estimation of the relation
between individual fixations and brain activity. FIBER analysis
has so far been employed in a few experiments, whose results
are not entirely consistent. Marsman et al. (2013) have shown
that fixation duration correlates negatively with activity in the
ventromedial visual cortex and early visual cortex. Contrarily,
Henderson and Choi (2015) established that fixation duration
is linked to activations within the primary visual cortex as
well as the frontal gyrus and dorsolateral prefrontal cortex.
Additionally, fixation duration was linked to deactivations in the
cerebellum, brainstem, hippocampus, amygdala and paracentral
lobule. These findings seem to be supported by the recent
experiment by Marsman et al. (2016) in which occurrence of
fixations was linked to an increase in activity within the early
visual cortex accompanied by activations in the dorsal and
ventral visual streams. Overall, it appears that fixation events
are consistently linked to changes in activity within the early
visual areas, however, the direction of this change remains
unclear.
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Since both decrease in visual noise and emotionality are
related to the reduction of fixation duration, presumably their
additive or interactive effect would influence brain correlates of
fixations. It is possible that this modulation of fixation duration
would be accompanied by changes in activity of the early visual
areas, as reported by Marsman et al. (2013, 2016) and Henderson
and Choi (2015). We expected fixation-related brain activity to be
linearly correlated with the level of noise, and more pronounced
in the case of negative images. Furthermore, based on evidence
for more intense processing of emotional stimuli (for reviews, see
Sabatinelli et al., 2011; Bradley et al., 2014; Lindquist et al., 2015;
García-García et al., 2016), we expected that fixating emotional
objects would be linked to greater fixation-related brain activity
than fixating neutral objects. Lastly, we aimed to test whether
the difference in brain activity accompanying fixations on objects
and on the background would be larger for negative images over
neutral ones.
In order to test our predictions, we used simultaneous
fMRI and eye tracking recording, while presenting negative and
neutral images with controlled object-background composition
and varying signal-to-noise ratios. Then, we applied the FIBER
method of fMRI data analysis, described by Marsman et al.
(2012), in which fixation events are used as regressors. Marsman
et al. (2012) have shown that despite being brief and frequently
occurring, fixations yield themselves as valid event markers in
an fMRI analysis. Additionally, we calculated the chance of
fixating an object and average fixation duration in order to
examine whether the modulating role of emotional content is
also reflected in the eye-tracking data.
MATERIALS AND METHODS
Participants
Twenty healthy participants (10 women), aged 19–29 years
(M = 22.8) with normal or corrected-to-normal vision, no history
of neurological disorders and free from any medical condition,
were recruited by means of community advertisements on
the Jagiellonian University Campus. A few days before the
experiment, volunteers visited an fMRI facility where their ability
to correctly perceive images through the VisualSystem goggles
(NordicNeurolab, Bergen, Norway) was tested. Only those able
to perceive a unitary percept through goggles were invited to
participate in the experiment. Prior to the scanning session,
participants signed an informed consent in accordance with
the Declaration of Helsinki and an agreement to undergo an
fMRI scanning procedure. The experimental procedure got the
approval of the ethical committee of the Institute of Psychology
at the Jagiellonian University.
Experimental Material
A set of 25 negative (valence M = 2.62, SD = 0.47; arousal
M = 6.35, SD = 0.58) and 25 neutral (valence M = 5.07, SD = 0.60;
arousal M = 4.07, SD = 1.15) color images was selected from the
International Affective Picture System (IAPS; Lang et al., 2008)
and the Nencki Affective Picture System (NAPS; Marchewka
et al., 2014) based on both valence and arousal ratings, which
differed significantly between the image categories (for valence
t(48) = −16.07, p < 0.001; for arousal t(48) = 8.85, p < 0.001).
In both image databases, the valence and arousal were rated
on scales 1–9, ranging from negative to positive valence, and
from low to high arousal, respectively. We ensured that the
mean size of the key object was the same for both negative and
neutral images (10% and 11% of total image area, respectively;
t(48) =−1.0, p = 0.55) in order to match images in terms of picture
composition.
The key objects within the images were determined in a
procedure conducted prior to the fMRI experiment, in which
participants (different to those taking part in the scanning
procedure) were asked to circle key locations determining the
valence of each image using a simple computer tool. The
key objects were obtained by averaging the selections and by
applying a threshold (a region encircled by at least 50% of the
participants). A total of 602 images were rated in this procedure
by 241 participants. Each participant rated 60–80 images. Each of
the images selected to this fMRI study were rated on average by
29.6 participants (SD = 4.5). The procedure of determining key
objects and the method of data analysis have been described in
detail elsewhere (Pilarczyk and Kuniecki, 2014).
To manipulate the amount of visual information, pink noise
was superimposed on the original images. Pink noise is obtained
by replacing the phase in the Fourier spectrum of an original
image with random values between 0 and 2 pi while keeping
the amplitudes unchanged (Kayser et al., 2006). Pink noise was
added to the original images in the following proportions: 0%,
60%, 70%, 80%, 100% (Figure 1), it was generated separately for
each proportion and each image. All images were equated for
luminance and contrast which were measured as a mean and
standard deviation of L∗ component of the L∗a∗b∗ color space.
Procedure
The experiment consisted of five scanning runs (each 10.8 min.,
216 volumes). Each run was preceded by a nine-point calibration
procedure. Images spanned 30 horizontal × 23 vertical degrees
of the visual field. Stimuli were presented via the VisualSystem
goggles. Images were shown for 5 s in fixed sequences from
100% to 0% of noise. Prior to each image, the fixation
cross was presented for a time that randomly varied between
3 s and 6 s. Between the sequences the fixation cross was
presented for a time window lasting 8 s on average, adjusted
so that each sequence lasted precisely 60 s, which ensured
that each run accommodated 10 sequences. The sequences
were presented in a random order, ensuring, however, that
in each run not more than seven sequences belonged to
the same emotional category. In total, 50 unique sequences
were presented during the entire experiment. To maintain
participants’ attention throughout the runs, they were asked to
classify one randomly selected image in each sequence as taken
outdoors or indoors. The entire experimental procedure lasted
approximately 60 min.
Eye Movement Recording and Analysis
The ViewPoint infrared EyeTracker (Arrington Research,
Scottsdale, AZ, USA) was used to measure eye movements at a
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FIGURE 1 | Example of images with superimposed noise, analogous to those presented in the experiment. Percentage of noise content is indicated below each
image.
60 Hz sampling rate. A position of the right eye was recorded.
A default nine-point calibration procedure was repeated at
the beginning of each experimental block. Additionally, before
each sequence a single point drift correction was performed.
Fixations and saccades were detected using the default Arrington
algorithm for the ViewPoint infrared EyeTracker (velocity
below 26, 5◦/s, drift less than 0.8◦ from the fixation point).
Fixations on each image were analyzed to determine whether
they fell on a key object, or outside the object, on the
background. The duration of each fixation was also analyzed.
The first fixation was defined as starting after the onset of an
image.
To assess the chance of fixating an object, we calculated
normalized fixation proportion (NFP), described in detail
in Pilarczyk and Kuniecki (2014). This measure is similar
in principle to other tests of classificator strength like the
commonly used receiver operating curve (ROC) hence enabling
the exclusion of such confounds as the size and position of
an object—particularly its distance from the center of the
screen—affecting fixation chance (Parkhurst et al., 2002; Tatler
et al., 2005; Tatler, 2007). In brief, to calculate NFP the
fraction of fixations that fall on the object while looking at
the analyzed image (positive sample) is divided by the fraction
of fixations made in this location in other images presented
in the same noise and emotional condition (negative sample).
If NFP equals one, the number of fixations on an object can
be entirely explained by the object’s location and size. If it
is larger, more fixations fall on an object than are predicted
by chance. Fixation duration was analyzed using repeated
measures ANOVA with factors of noise level (five levels),
emotional category (negative and neutral) and fixation location
(object, background). NFP was examined with repeated measures
ANOVA including factors of noise (five levels) and emotional
category (negative and neutral). In all cases where the sphericity
assumption has been violated, the results are reported with H-F
correction. Simple effects were investigated using Bonferroni
correction.
fMRI Data Acquisition
Magnetic resonance imaging (MRI) was performed using a
3T scanner (Magnetom Skyra, Siemens) with a 20-channel
head coil. High-resolution, anatomical images were acquired
using T1 MPRAGE sequence (sagittal slices; 1 × 1 × 1 mm3
voxel size; TR = 2200 ms, TE = 2.43 ms). Functional images
were acquired using an EPI sequence; scan parameters were
as follows: TR = 3000 ms, TE = 21 ms, flip angle = 90◦,
voxel size 2 × 2 × 2.5 mm3, FOV 192 × 192 mm2, GRAPPA
acceleration factor 2, phase encoding A > P. Whole brain image
(excluding cerebellum) was covered with 48 axial slices taken
in an interleaved fashion. There were five functional runs; the
acquisition time for each run was 10’48" (216 volumes). Due
to magnetic saturation effects, the first four volumes (dummy
scans) of each run were acquired and then discarded by the
scanner.
The experimental task was presented through the
VisualSystem goggles equipped with ViewPoint monocular
eye-tracking cameras (infrared, 60 Hz) and responses
were collected using fiber-optic response button grips
(NordicNeuroLab, Bergen, Norway). Potential head motion
was inhibited by using foam pads to stabilize head and arms
and additionally by closely fitting the head-mounted goggles to
participants’ eye-sockets.
fMRI Data Analysis
Functional data were analyzed using FEAT FMRIB Expert
Analysis Tool version 6.01. The standard preprocessing steps
included brain extraction using BET (Smith, 2002), slice timing
correction, motion correction using MCFLIRT (Jenkinson et al.,
2002), spatial smoothing with a Gaussian kernel of full-width at
half-maximum of 5 mm and high pass temporal filtering with
a 100 s cut-off. Next, whole brain general linear model (GLM)
analysis was conducted for each of the five runs separately.
For statistical inference, following Marsman et al. (2012), we
used fixation onsets and durations to build our matrix for
the GLM. For each emotional category, three fixation related
regressors were specified: object fixation, background fixation,
as well as all fixation onsets and durations parametrically
modulated by the mean centered noise value. Additionally,
onset of an image and diagnostic question were added as
regressors of no interest. All regressors were convolved with
a double-gamma hemodynamic response function (HRF). On
a second level, each participant’s five runs were combined
using fixed-effects. Group level analysis was conducted using
a random-effects model with FLAME (Beckmann et al., 2003).
Finally, parameter estimates were tested using RANDOMISE,
an FSL tool for nonparametric inference based on permutation.
1http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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We conducted 10K permutations and applied a threshold-free
cluster enhancement (TFCE; Smith and Nichols, 2009) method
with default parameters for identifying regions of continuous
activation. The resulting statistical maps were thresholded at
p < 0.05 (family-wise error).
RESULTS
Eye-Tracking Results
Fixation Duration
Fixation duration was affected by noise level (F(4,76) = 15.46;
p < 0.001) showing a continuous decrease with diminishing
noise as validated by significant linear trend (F(1,19) = 25.34;
p < 0.001). Interaction between noise level and emotional
category did not reach significance (F(4,76) = 1.1; p = 0.36;
Figure 2). Interaction between emotional category and object-
background was significant (F(1,19) = 12.4; p = 0.002).
Investigation of this effect with pairwise comparisons has
revealed that in the negative condition fixations falling
within an object were longer than those falling within the
background (p = 0.022), while in the neutral condition the
reverse effect emerged, specifically, fixations falling within an
object were shorter than those falling within a background
(p = 0.011; Figure 3). No other effects or interactions reached
significance.
Normalized Fixation Proportion (NFP)
The overall chance of fixating an object area was higher
in the negative (1.61; SEM = 0.062) than in the neutral
(1.36; SEM = 0.028) condition (F(1,19) = 25.8; p < 0.001).
Moreover, as the noise level decreased the chance of
fixating an object steadily increased (F(4,76) = 59.9;
p < 0.001). This relationship was monotonic as indicated
FIGURE 2 | Mean fixation duration at each level of noise for negative and
neutral images separately. Error bars represent standard error. The difference
between negative and neutral condition is not significant and is shown for
illustrative purposes only.
FIGURE 3 | Mean duration of fixation falling on an object and on a background
for negative and neutral images separately. Asterisks denote significant
differences in pairwise comparisons. Error bars represent standard error.
FIGURE 4 | Normalized fixation proportion (NFP; chance of fixating an object)
at each level of noise for negative and neutral images separately. Error bars
represent standard error. Gray line represents the chance level.
by a significant linear trend (F(1,19) = 77.8; p < 0.001).
Also interaction between emotional category and noise
level was highly significant in both omnibus ANOVA
(F(4,76) = 29.4; p < 0.001) and a linear trend (F(1,19) = 81.9;
p < 0.001) with negative objects attracting fixations much
stronger in decreasing noise levels than neutral objects
(Figure 4).
fMRI Results
In general, effect of fixations was linked to large deactivation
within the bilateral lingual gyrus (Figure 5, Supplementary
Table S1). Further, to separate the effects of fixations from
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image processing per se, we calculated effect of image onset
to check whether image onsets and fixations impact brain
activations distinctively. As expected, image onset yielded a very
wide pattern of activations involving visual areas (including
activation within lingual gyrus), as well as several frontal
regions (Figure 5, Supplementary Table S2). In our opinion,
this result shows that deactivation within the lingual gyrus
is specifically related to fixations rather than image onset.
Regarding contrasts pertaining to our specific hypotheses, in
the negative condition fixations on objects were linked to
significantly greater deactivations within the right lingual gyrus
compared to background fixations (Figure 6, Table 1). In
the neutral condition both object and background fixations
resulted in similar deactivations within this region, yielding no
significant contrast. Contrary to our predictions, there was no
significant difference in fixation-related brain activity between
fixating emotional and neutral objects. The emotional category
modulated the effect of noise level on brain correlates of
fixations. Specifically, in the negative condition the correlation
between noise level and activity in the LOC linked to
fixations was stronger than in the neutral condition (Figure 7,
Table 1).
DISCUSSION
In the current study, we investigated whether the influence of low
and high-level properties of an image on fixations and their brain
correlates differ depending on the emotional category. We used
FIBER method, that was recently developed by Marsman et al.
(2012) to investigate fixations related brain activity. Although
in Marsman et al. (2012) work the TR was 2 s, i.e., it was
slightly shorter than the one used in our study, it was still
an order of magnitude longer than the duration of an average
fixation (200–300 ms). Furthermore, Yes¸ilyurt et al. (2008)
have shown that it is possible to reliably detect BOLD change
triggered by stimuli lasting as short as 5 ms with TR lasting 2 s.
Moreover, short, sub-second ISI might increase the power of
the design provided their randomization (Dale, 1999). Therefore,
detection of BOLD changes related to events lasting around
200–300 ms with TR equaling 3 s should also be feasible. In
fact, our analysis showed that fixations were primarily related
to robust deactivations within the lingual gyrus. Furthermore,
results indicated that emotional category affects brain activity
linked to fixations on objects compared to the background as
well as brain activity linked to fixations made in different levels
FIGURE 5 | Whole-brain maps showing activations (in red) and deactivations (in green) linked to (A–C) main effect of image onsets and (D–F) main effect of fixations.
T-statistical maps were corrected for multiple comparisons with threshold-free cluster enhancement (TFCE) at p < 0.05.
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FIGURE 6 | Whole-brain map showing contrast between activity linked to fixations on object and background of negative images. T-statistical maps were corrected
for multiple comparisons with TFCE at p < 0.05. (A) Activations in the right lingual gyrus. Percent signal change in the right lingual gyrus for object and background
of (B) negative and (C) neutral images. Significance of the pairwise comparisons are marked on the top of each graph; ns, not significant, ∗∗p < 0.01. Error bars
represent standard error.
of image clarity. These fMRI signal changes correspond to the
eye-tracking data, whose temporal and spatial characteristics
were affected by both emotional category and image properties.
Brain activity associated with fixations on an object differed
from activity associated with fixations on the background,
however only for negative images. In both emotional categories,
all fixations were linked to deactivations in the lingual gyrus,
however, in the case of negative images, they were significantly
more pronounced for fixations that fell on the object. In
the case of neutral images, there was no such difference.
This result can be compared with the one reported by Ferri
et al.’s (2013), who showed that brain activations were greater
when participants were instructed to fixate an emotional
object compared to fixating a non-emotional region. Those
activations were, however, much more widespread, as they
were located in the inferior occipital gyrus, insula, amygdala,
inferior parietal lobe, postcentral gyrus and fusiform gyrus.
The difference between the results reported by Ferri et al.’s
(2013) and ours are not surprising due to major methodological
differences between the two studies. Particularly, the FIBER
analysis entails using fixation events as regressors and hence
allows for evaluation of ongoing processes linked to individual
fixations, rather than more global stimulus processing averaged
across the entire presentation time. Further, we separated the
latter from the fixation-related activity including image onset as
the regressor of no interest. Moreover, in Ferri et al.’s (2013)
procedure, participants were required to fixate a predetermined
fragment of an image, that limited participants’ pattern of eye
movements (compare eye-tracking data in free and constrained
eye movement condition in Ferri et al.’s, 2013). In fact, the
authors found number of differences in brain activations between
focus vs. free-viewing condition (see Supplementary Tables S2,
S4 in Ferri et al.’s, 2013).
The fact that only in the negative condition fixation-related
activity in the right lingual gyrus differed between an object and
the background can be interpreted with respect to research on
semantic consistency. It has been shown that visual processing of
an object depends on its semantic consistency with the context in
which it is presented e.g., a polar bear presented in a kitchen or on
an iceberg. In general, participants tend to focus more attention
on an object than on the background, however, this tendency
is significantly more robust for inconsistent images (Henderson
et al., 1999; Võ and Henderson, 2009, 2011; Martens et al.,
2011). In neutral natural scenes, objects do not seem to differ
from the background in terms of their emotional value as much
as in emotional scenes, in which emotional objects are often
TABLE 1 | Contrast between object and background fixations for negative images, and contrast between negative and neutral images for noise level (signal-to-noise
ratio).
Brain region Cluster size Side MNI coordinates t p
x y z
Object vs. Background fixations
Right lingual gyrus 543 R 8 −58 0 5.17 0.014
Intracalcarine cortex 59 R 14 −80 8 4.84 0.035
Lateral occipital cortex 51 R 28 −74 50 4.63 0.041
Signal-to-noise ratio
Lateral occipital cortex 694 R 54 −70 −2 6.46 0.003
Lateral occipital cortex 363 L −54 −70 2 6.26 0.009
p values are corrected for multiple comparisons with threshold-free cluster enhancement (TFCE). L, Left; R, Right. The cluster size is given in voxels.
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FIGURE 7 | (A) Whole-brain map showing contrast between negative and
neutral images for activations covarying with noise level. T-statistical maps
were corrected for multiple comparisons using TFCE at p < 0.05. (B) Percent
signal change in the lateral occipital cortex (LOC) for negative and neutral
images. Significance of the pairwise comparisons are marked on the top of the
graph; ns, not significant, ∗∗∗p < 0.001. Error bars represent standard error.
placed on a rather neutral background (Humphrey et al., 2012).
In fact, Acunzo and Henderson (2011) claim that emotional
objects resemble gist-inconsistent stimuli within an image,
while the neutral ones resemble gist-consistent stimuli. Both
gist-inconsistent and emotional objects draw attention more
effectively, which can be a result of their greater informative
value, possibly related to their behavioral and evolutionary
relevance. Thus, in the case of neutral images, attention is
distributed more evenly between an object and the background
(Humphrey et al., 2012; Niu et al., 2012; Pilarczyk and Kuniecki,
2014). Our eye-tracking results fit into this line of reasoning. The
probability of fixating an object was greater in the negative than
in the neutral condition, which was also observed in our previous
study (Pilarczyk and Kuniecki, 2014). Additionally, in the case
of negative images, average duration of fixations falling on the
objects was longer than those falling on the background. This
tendency was reversed for neutral images. Taken together, these
results demonstrate that, indeed, in emotional scenes, attention
is captured and held more strongly by the object, which may
account for the observed difference in fixation-related brain
activity between an object and the background in the negative
condition.
On the other hand, the results do not support our hypothesis
regarding the difference in brain activity related to fixations on
emotional objects compared to neutral ones. It seems that the
intensity of processing of the ‘‘unit of information’’ extracted
during a single fixation depends on the context in which it
is presented rather than its absolute informative value, which,
as we argue, should be greater in the case of negative objects
than neutral ones. Furthermore, this pattern of results implies
that considering fixations as ‘‘units of information’’ has some
limitations, since brain activity associated with them seems to
depend on the meaning of an entire scene, and hence probably
on the preceding fixations. This hypothesis can be tested in future
fMRI experiments, which would carefully control scanpaths
and investigate the modulatory role of the previously executed
fixations on brain correlates of the consecutive fixations. Future
research might also explore the impact of the context in
which information is presented on brain activity associated with
fixations.
All observed effects of scene composition on fixation-related
activity in the right lingual gyrus are deactivations. This result
corresponds to the data obtained by Marsman et al. (2013) in
the study, using artificial, non-emotional scenes. They found
that fixation duration was related to deactivation in the lingual
gyrus. One possible explanation of this effect is based on the
study by Geng et al. (2009) showing that there is a link between
increased activity in the lingual gyrus and saccade execution. We
may hypothesize that deactivation of the lingual gyrus during
fixations might be linked to delaying saccade execution and
hence terminating the ongoing fixation. Furthermore, it seems
plausible that the more a currently fixated object engages and
holds attention, the greater the inhibition of gaze relocation,
resulting in more pronounced deactivation of the lingual gyrus.
In addition, the hypothesis that the content of a scene might
influence the activity of the lingual gyrus related to eye
movements is supported by Morris and McCarthy (2007), who
established that among several brain regions activated by saccade
execution, only activation in the ventral occipitotemporal cortex
(VOTC), including the lingual gyrus, is modulated by the content
of an image.
Indeed, our imaging and eye-tracking data seem to partly
support proposed interpretation. Regarding brain activity,
fixating an emotional object within negative images resulted in
significantly greater deactivation of the right lingual gyrus than
fixating non-emotional parts of the same image. This is reflected
by the differences in fixation duration and location. In the case
of negative images, fixations were longer when falling on objects
as opposed to the background, which is reversed for neutral
images. Further, the probability of fixating an emotional object
was higher in the case of negative images than neutral ones.
However, our results cannot be explained solely by differences
in fixation duration. Specifically, if fixation duration was a major
factor, we would expect greater deactivation within the lingual
gyrus related to fixating the neutral background compared to the
neutral object. This difference did not occur, indicating possible
role of other factors influencing fixation-related brain activity
within the region of the lingual gyrus.
The other modulatory effect of emotional content on fixation-
related brain activity, found in our study, refers to scene clarity,
which was positively correlated with activity in the LOC, the
structure linked to object recognition (Grill-Spector et al., 2001).
This correlation was significantly stronger in the case of fixations
executed on negative images as opposed to neutral ones. We
hypothesized that any possible interaction between emotional
category and noise level in brain correlates of fixations would
be related to fixation duration, which decreases in an emotional
condition (Bradley et al., 2011; Kaspar et al., 2013) and with a
declining noise level (Glaholt et al., 2013; Henderson et al., 2014).
Our results, however, do not support this prediction. Although
fixations became shorter as the level of noise decreased, the
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effect did not significantly differ between the emotional category
conditions. Therefore, observed differences in brain correlates of
fixations for negative and neutral images cannot be explained
solely by differences in fixation duration.
Alternatively, this result may be an effect of either enhanced
visual processing of emotional information or greater attentional
deployment to emotional objects. It has been shown that visual
noise affects processing in the higher visual areas, including the
LOC, which are responsible for object and scene recognition
(Grill-Spector et al., 1998; Tjan et al., 2006; Pratte et al., 2013).
Interestingly, this effect is reduced in the case of emotional
images (Todd et al., 2012b). It seems that our result is in line with
these observations, indicating that such reduction is detectable
also on the level of individual fixations. It is also possible
that the increased LOC activity due to decreasing noise levels,
which is stronger for negative images, might be attributed to the
differences between attentional deployment during negative and
neutral picture viewing. Our eye-tracking data directly supports
this interpretation, as in the case of negative images, the chance of
fixating an object rose as the noise level decreased, faster than in
the case of neutral images. Such an impact of emotional content
on attracting attentional focus between objects and background
was also reported by Humphrey et al. (2012), Niu et al. (2012) and
additionally including the influence of visual noise, by Pilarczyk
and Kuniecki (2014).
Summing up, in our study emotional content changed the
way that high and low-level features of an image affect fixation-
related brain activity. In the case of emotional images, fixation-
related brain activity in the right lingual gyrus differed between
fixations on objects and on backgrounds, which was not the
case for neutral images. We hypothesize that this difference
might be driven by greater saccade inhibition when fixating an
emotional object. This is supported by the fact that fixations on
emotional objects were longer. Further, in the case of negative
images, the relation between LOC activity and increasing image
clarity was stronger, which, as we suggest, may be related
to either enhanced processing of emotional stimuli or greater
engagement of attention in emotional objects. Our eye-tracking
results directly support the second interpretation, as the chance
of fixating objects relative to the background was higher for
emotional scenes than for neutral ones. Overall, it appears that
the effects of high and low-level features of an image on fixation-
related brain activity in the case of negative images are mediated
by stronger engagement of attention by emotional objects.
AUTHOR CONTRIBUTIONS
MK and JP designed the study. MK, JP and AD conducted the
study. MK, JP and KBW analyzed and interpreted the data. All
authors wrote the manuscript.
FUNDING
This work was supported by the National Science Centre in
Poland (grant number 2012/07/E/HS6/01046) and by PLGrid
Infrastructure.
ACKNOWLEDGMENTS
The authors thank Piotr Faba for technical support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fnhum.2017.
00429/full#supplementary-material
REFERENCES
Acunzo, D. J., and Henderson, J. M. (2011). No emotional ‘‘pop-out’’
effect in natural scene viewing. Emotion 11, 1134–1143. doi: 10.1037/a0
022586
Beckmann, C. F., Jenkinson, M., and Smith, S. M. (2003). General multilevel
linear modeling for group analysis in FMRI. Neuroimage 20, 1052–1063.
doi: 10.1016/s1053-8119(03)00435-x
Bradley, M. M., Houbova, P., Miccoli, L., Costa, V. D., and Lang, P. J.
(2011). Scan patterns when viewing natural scenes: emotion, complexity,
and repetition. Psychophysiology 48, 1544–1553. doi: 10.1111/j.1469-8986.2011.
01223.x
Bradley, M. M., Sabatinelli, D., and Lang, P. (2014). ‘‘Emotion and motivation in
the perceptual processing of natural scenes,’’ in Scene Vision: Making Sense
of What We See, eds K. Kverga and M. Bar (Cambridge MA: MIT Press),
273–290.
Bradley, M. M., Sabatinelli, D., Lang, P. J., Fitzsimmons, J. R., King, W., and
Desai, P. (2003). Activation of the visual cortex in motivated attention. Behav.
Neurosci. 117, 369–380. doi: 10.1037/0735-7044.117.2.369
Buswell, G. T. (1935). How People Look at Pictures. Chicago, IL: University of
Chicago Press.
Calvo, M., Nummenmaa, L., and Hyönä, J. (2008). Emotional scenes in peripheral
vision: Selective orienting and gist processing, but not content identification.
Emotion 8, 68–80. doi: 10.1037/1528-3542.8.1.68
Calvo, M., Nummenmaa, L., and Hyönä, J. (2007). Emotional and neutral scenes in
competition: orienting, efficiency, and identification. Q. J. Exp. Psychol. (Hove)
60, 1585–1593. doi: 10.1080/17470210701515868
Calvo, M. G., and Lang, P. J. (2004). Gaze patterns when looking at
emotional pictures: Motivationally biased attention. Motiv. Emot. 28, 221–243.
doi: 10.1023/b:moem.0000040153.26156.ed
Dale, A. M. (1999). Optimal experimental design for event-related fMRI. Hum.
Brain Mapp. 8, 109–114. doi: 10.1002/(sici)1097-0193(1999)8:2/3<109::aid-
hbm7>3.3.co;2-n
Ferri, J., Schmidt, J., Hajcak, G., and Canli, T. (2013). Neural correlates of
attentional deployment within unpleasant pictures. Neuroimage 70, 268–277.
doi: 10.1016/j.neuroimage.2012.12.030
García-García, I., Kube, J., Gaebler, M., Horstmann, A., Villringer, A.,
and Neumann, J. (2016). Neural processing of negative emotional
stimuli and the influence of age, sex and task-related characteristics.
Neurosci. Biobehav. Rev. 68, 773–793. doi: 10.1016/j.neubiorev.
2016.04.020
Geng, J. J., Ruff, C. C., and Driver, J. (2009). Saccades to a remembered location
elicit spatially specific activation in human retinotopic visual cortex. J. Cogn.
Neurosci. 21, 230–245. doi: 10.1162/jocn.2008.21025
Glaholt, M. G., Rayner, K., and Reingold, E. M. (2013). Spatial frequency
filtering and the direct control of fixation durations during scene viewing.
Atten. Percept. Psychophys. 75, 1761–1773. doi: 10.3758/s13414-013-
0522-1
Frontiers in Human Neuroscience | www.frontiersin.org 9 August 2017 | Volume 11 | Article 429
Kuniecki et al. Fixation-Related Brain Activations
Grill-Spector, K., Kourtzi, Z., and Kanwisher, N. (2001). The lateral occipital
complex and its role in object recognition. Vision Res. 41, 1409–1422.
doi: 10.1016/s0042-6989(01)00073-6
Grill-Spector, K., Kushnir, T., Hendler, T., Edelman, S., Itzchank, Y., and
Malach, R. (1998). A sequence of object-processing stages revealed by
fMRI in the human occipital lobe. Hum. Brain Mapp. 6, 316–328.
doi: 10.1002/(sici)1097-0193(1998)6:4<316::aid-hbm9>3.3.co;2-u
Hajcak, G., MacNamara, A., Foti, D., Ferri, J., and Keil, A. (2013).
The dynamic allocation of attention to emotion: simultaneous and
independent evidence from the late positive potential and steady state
visual evoked potentials. Biol. Psychol. 92, 447–455. doi: 10.1016/j.biopsycho.
2011.11.012
Henderson, J. M. (2003). Human gaze control during real-world scene
perception. Trends Cogn. Sci. 7, 498–504. doi: 10.1016/j.tics.2003.
09.006
Henderson, J. M., and Choi, W. (2015). Neural correlates of fixation duration
during real-world scene viewing: evidence from fixation-related (FIRE) fMRI.
J. Cogn. Neurosci. 27, 1137–1145. doi: 10.1162/jocn_a_00769
Henderson, J. M., and Hollingworth, A. (1999). High-level scene
perception. Annu. Rev. Psychol. 50, 243–271. doi: 10.1146/annurev.psych.
50.1.243
Henderson, J. M., Malcolm, G. L., and Schandl, C. (2009). Searching in the dark:
cognitive relevance drives attention in real-world scenes. Psychon. Bull. Rev. 16,
850–856. doi: 10.3758/PBR.16.5.850
Henderson, J. M., Olejarczyk, J., Luke, S. G., and Schmidt, J. (2014). Eye movement
control during scene viewing: immediate degradation and enhancement effects
of spatial frequency filtering. Vis. Cogn. 22, 486–502. doi: 10.1080/13506285.
2014.897662
Henderson, J. M., Weeks, P. A. Jr., and Hollingworth, A. (1999). The effects
of semantic consistency on eye movements during complex scene viewing.
J. Exp. Psychol. Hum. Percept. Perform. 25, 210–228. doi: 10.1037//0096-1523.
25.1.210
Humphrey, K., Underwood, G., and Lambert, T. (2012). Salience of the lambs:
a test of the saliency map hypothesis with pictures of emotive objects. J. Vis.
12:22. doi: 10.1167/12.1.22
Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and motion
correction of brain images. Neuroimage 17, 825–841. doi: 10.1016/s1053-
8119(02)91132-8
Junghöfer, M., Sabatinelli, D., Bradley, M. M., Schupp, H. T., Elbert, T. R.,
and Lang, P. J. (2006). Fleeting images: rapid affect discrimination in the
visual cortex. Neuroreport 17, 225–229. doi: 10.1097/01.WNR.0000198437.
59883.bb
Kaspar, K., Hloucal, T. M., Kriz, J., Canzler, S., Gameiro, R. R., Krapp, V., et al.
(2013). Emotions′ impact on viewing behavior under natural conditions. PLoS
One 8:e52737. doi: 10.1371/journal.pone.0052737
Kayser, C., Nielsen, K. J., and Logothetis, N. K. (2006). Fixations in natural scenes:
interaction of image structure and image content. Vision Res. 46, 2535–2545.
doi: 10.1016/j.visres.2006.02.003
Keil, A., Gruber, T., Müller, M. M., Moratti, S., Stolarova, M., Bradley, M. M., et al.
(2003). Early modulation of visual perception by emotional arousal: evidence
from steady-state visual evoked brain potentials. Cogn. Affect. Behav. Neurosci.
3, 195–206. doi: 10.3758/cabn.3.3.195
Keil, A., Moratti, S., Sabatinelli, D., Bradley, M. M., and Lang, P. J. (2005).
Additive effects of emotional content and spatial selective attention on
electrocortical facilitation. Cereb. Cortex 15, 1187–1197. doi: 10.1093/cercor/
bhi001
Lang, P. J., Bradley, M. M. and Cuthbert, B. N. (2008). International Affective
Picture System (IAPS): Affective Ratings of Pictures and Instruction Manual.
Technical Report A-8. Gainesville, FL: University of Florida.
Lang, P. J., Bradley, M. M., Fitzsimmons, J. R., Cuthbert, B. N., Scott, J. D.,
Moulder, B., et al. (1998). Emotional arousal and activation of the visual
cortex: an fMRI analysis. Psychophysiology 35, 199–210. doi: 10.1111/1469-
8986.3520199
Lindquist, K. A., Satpute, A. B., Wager, T. D., Weber, J., and Barrett, L. F.
(2015). The brain basis of positive and negative affect: evidence from
a meta-analysis of the human neuroimaging literature. Cereb. Cortex 26,
1910–1922. doi: 10.1093/cercor/bhv001
Luke, S. G., and Henderson, J. M. (2016). The influence of content
meaningfulness on eye movements across tasks: evidence from scene
viewing and reading. Front. Psychol. 7:257. doi: 10.3389/fpsyg.2016.
00257
Mackworth, N. H., and Morandi, A. J. (1967). The gaze selects informative
details within pictures. Percept. Psychophys. 2, 547–552. doi: 10.3758/
bf03210264
Marchewka, A., Zurawski, Ł., Jednoróg, K., and Grabowska, A. (2014). The nencki
affective picture system (NAPS): introduction to a novel, standardized, wide-
range, high-quality, realistic picture database. Behav. Res. Methods 46, 596–610.
doi: 10.3758/s13428-013-0379-1
Markovic, J., Anderson, A. K., and Todd, R. M. (2014). Tuning to the
significant: neural and genetic processes underlying affective enhancement
of visual perception and memory. Behav. Brain Res. 259, 229–241.
doi: 10.1016/j.bbr.2013.11.018
Marsman, J. B. C., Cornelissen, F. W., Dorr, M., Vig, E., Barth, E., and Renken, R. J.
(2016). A novel measure to determine viewing priority and its neural correlates
in the human brain. J. Vis. 16:3. doi: 10.1167/16.6.3
Marsman, J. B. C., Renken, R., Haak, K. V., and Cornelissen, F. W. (2013). Linking
cortical visual processing to viewing behavior using fMRI. Front. Syst. Neurosci.
7:109. doi: 10.3389/fnsys.2013.00109
Marsman, J. B. C., Renken, R., Velichkovsky, B. M., Hooymans, J. M. M.,
and Cornelissen, F. W. (2012). Fixation based event-related fMRI
analysis: using eye fixations as events in functional magnetic resonance
imaging to reveal cortical processing during the free exploration of
visual images. Hum. Brain Mapp. 33, 307–318. doi: 10.1002/hbm.
21211
Martens, U., Trujillo-Barreto, N., and Gruber, T. (2011). Perceiving the
tree in the woods: segregating brain responses to stimuli constituting
natural scenes. J. Neurosci. 31, 17713–17718. doi: 10.1523/JNEUROSCI.
4743-11.2011
McSorley, E., and van Reekum, C. M. (2013). The time course of implicit
affective picture processing: an eye movement study. Emotion 13, 769–773.
doi: 10.1037/a0032185
Morris, J. P., and McCarthy, G. (2007). Guided saccades modulate object and
face-specific activity in the fusiform gyrus. Hum. Brain Mapp. 28, 691–702.
doi: 10.1002/hbm.20301
Niu, Y., Todd, R. M., and Anderson, A. K. (2012). Affective salience
can reverse the effects of stimulus-driven salience on eye movements
in complex scenes. Front. Psychol. 3:336. doi: 10.3389/fpsyg.2012.
00336
Nummenmaa, L., Hyönä, J., and Calvo, M. G. (2006). Eye movement assessment
of selective attentional capture by emotional pictures. Emotion 6, 257–268.
doi: 10.1037/1528-3542.6.2.257
Ohman, A., Flykt, A., and Esteves, F. (2001). Emotion drives attention: detecting
the snake in the grass. J. Exp. Psychol. Gen. 130, 466–478. doi: 10.1037/0096-
3445.130.3.466
Onat, S., Ac¸lk, A., Schuman, F., and König, P. (2014). The contributions of
image content and behavioral relevancy to overt attention. PLoS One 9:e93254.
doi: 10.1371/journal.pone.0093254
Ossandón, J. P., Onat, S., Cazzoli, D., Nyffeler, T., Müri, R., and König, P.
(2012). Unmasking the contribution of low-level features to the guidance of
attention. Neuropsychologia 50, 3478–3487. doi: 10.1016/j.neuropsychologia.
2012.09.043
Parkhurst, D., Law, K., and Niebur, E. (2002). Modeling the role of salience in the
allocation of overt visual attention. Vision Res. 42, 107–123. doi: 10.1016/s0042-
6989(01)00250-4
Pilarczyk, J., and Kuniecki, M. (2014). Emotional content of an image attracts
attention more than visually salient features in various signal-to-noise ratio
conditions. J. Vis. 14:4. doi: 10.1167/14.12.4
Pratte, M. S., Ling, S., Swisher, J. D., and Tong, F. (2013). How attention
extracts objects from noise. J. Neurophysiol. 110, 1346–1356. doi: 10.1152/jn.
00127.2013
Reinders, A. A. T. S., den Boer, J. A., and Büchel, C. (2005). The robustness
of perception. Eur. J. Neurosci. 22, 524–530. doi: 10.1111/j.1460-9568.
2005.04212.x
Sabatinelli, D., Fortune, E. E., Li, Q., Siddiqui, A., Krafft, C., Oliver, W. T.,
et al. (2011). Emotional perception: meta-analyses of face and natural
Frontiers in Human Neuroscience | www.frontiersin.org 10 August 2017 | Volume 11 | Article 429
Kuniecki et al. Fixation-Related Brain Activations
scene processing. Neuroimage 54, 2524–2533. doi: 10.1016/j.neuroimage.
2010.10.011
Smith, S. M. (2002). Fast robust automated brain extraction. Hum. Brain Mapp.
17, 143–155. doi: 10.1002/hbm.10062
Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation
in cluster inference. Neuroimage 44, 83–98. doi: 10.1016/j.neuroimage.
2008.03.061
Tatler, B. (2007). The central fixation bias in scene viewing: selecting
an optimal viewing position independently of motor biases and
image feature distributions. J. Vis. 7, 4.1–4.17. doi: 10.1167/
7.14.4
Tatler, B. W., Baddeley, R. J., and Gilchrist, I. D. (2005). Visual correlates
of fixation selection: effects of scale and time. Vision Res. 45, 643–659.
doi: 10.1016/j.visres.2004.09.017
Tjan, B. S., Lestou, V., and Kourtzi, Z. (2006). Uncertainty and invariance in
the human visual cortex. J. Neurophysiol. 96, 1556–1568. doi: 10.1152/jn.
01367.2005
Todd, R. M., Cunningham, W. A., Anderson, A. K., and Thompson, E. (2012a).
Affect-biased attention as emotion regulation. Trends Cogn. Sci. 16, 365–372.
doi: 10.1016/j.tics.2012.06.003
Todd, R. M., Talmi, D., Schmitz, T. W., Susskind, J., and Anderson, A. K.
(2012b). Psychophysical and neural evidence for emotion-enhanced
perceptual vividness. J. Neurosci. 32, 11201–11212. doi: 10.1523/JNEUROSCI.
0155-12.2012
Võ, M. L., and Henderson, J. M. (2009). Does gravity matter?
Effects of semantic and syntactic inconsistencies on the
allocation of attention during scene perception. J. Vis. 9, 1–15.
doi: 10.1167/9.3.24
Võ, M. L.-H., and Henderson, J. M. (2011). Object-scene inconsistencies do
not capture gaze: evidence from the flash-preview moving-window paradigm.
Atten. Percept. Psychophys. 73, 1742–1753. doi: 10.3758/s13414-011-0150-6
Yarbus, A. L. (1967). ‘‘Eye movements during perception of complex objects,’’ in
Eye Movements and Vision, ed. L. A. Riggs (New York, NY: Plenum Press),
171–196.
Yes¸ilyurt, B., Ugurbil, K., and Uludag, K. (2008). Dynamics and nonlinearities of
the BOLD response at very short stimulus durations. Magn. Reson. Imaging 26,
853–862. doi: 10.1016/j.mri.2008.01.008
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Kuniecki, Wołoszyn, Domagalik and Pilarczyk. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Human Neuroscience | www.frontiersin.org 11 August 2017 | Volume 11 | Article 429
